Activation cross-sections data of longer-lived products of proton induced nuclear reactions on dysprosium were extended up to 65 MeV by using stacked foil irradiation and gamma spectrometry experimental methods. Experimental cross-sections data for the formation of the radionuclides 159 
Introduction
In the frame of this systematic study we have investigated the activation cross sections induced by protons and deuterons on natural dysprosium targets. The part of the study specifically devoted to production of 161 Ho, a candidate therapeutic radioisotope, was published separately (Tárkányi et al., 2013a) . Activation cross-sections of long-lived products of deuteron induced nuclear reactions on dysprosium up to 50 MeV was published in (Tárkányi et al., 2014a) and of proton induced nuclear reactions on dysprosium up to 36 MeV in (Tárkányi et al., 2013b) . Recently we had the possibility to perform the same measurements at higher energies. Here we report on the activation cross section data induced by proton irradiation of dysprosium in the 36-65 MeV energy range. Only one set of earlier experimental data were found in the literature (May and Yaffe, 1964) .
Experiment and data evaluation
For the cross section determination an activation method based on stacked foil irradiation technique fol- * Corresponding author: ditroi@atomki.hu lowed by γ-ray spectroscopy were used. The general characteristics and procedures for irradiation, activity assessment and data evaluation (including estimation of uncertainties) were similar as in many of our earlier works (Tárkányi et al., 2013a (Tárkányi et al., ,b, 2014a . The stack consisted of a sequence of Al, Dy, Al, Hf, Al, Ti, Be, Ti foils repeated 25 times and bombarded for 3600 s with a 65 MeV proton beam of 25 nA at Louvain la Neuve in one single irradiation. From this irradiation the activation cross sections for production of 7 Be by proton up to 65 MeV were already published, where additional details can be found on experiment on beam parameters and on the data evaluation (Hermanne et al., 2014) . The main experimental parameters and the methods of data evaluation for the present study are summarized in Table 1 . The used decay data are collected in Table 2 .
For beam current and beam energy monitoring, for energy degradation and recoil catcher Al and Ti foils were incorporated downstream of each dysprosium foils in the stack. All monitor foil data were considered simultaneously in order to obtain the beam current and beam energy in each target foil by comparison with the IAEA recommended monitor data (Tárkányi et al., 2001 ). The measured cross sections of the monitor reaction 27 Al(p,x) 22, 24 Na and the recommended data are (Bonardi, 1987) Monitor target and thickness nat Ti, 10.9 µm 27 Al 98 µm Theory ALICE-IPPE (Dityuk et al., 1998) ,EMPIRE (Herman et al., 2007) ; ,TALYS 
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Figure 1: The simultaneously measured monitor reactions for determination of proton beam energy and intensity shown in Fig. 1 .
Results and discussion

Cross sections
The measured cross sections for the production of 159 Dy,  157 Dy,  155 Dy,  161 Tb,  160 Tb,  156 Tb,  155 Tb,  154m2 Tb,  154m1 Tb,  154g Tb, 153Rb,  152 Tb and  151 Tb are shown in  Table 3 Table. 2. Radioisotopes of dysprosium The investigated radioisotopes of dysprosium are produced directly via (p,pxn) reactions and from the decay of the simultaneously produced holmium parent isotopes.
3.1.1. The nat Dy(p,x) 159 Dy reaction The cumulative cross sections of the 159 Dy (T 1/2 = 144.4 d) contain, apart from the direct production, the contribution from the decay of 159 Ho (T 1/2 = 33.05 min) as they were measured after nearly complete decay of the parent isotope. A very old dataset of (May and Yaffe, 1964) show acceptable agreement with our new data up to 60 MeV. The agreement with the results of the 3 codes is also acceptable (Fig. 2) , the best approximation is given by the TENDL up to 40 MeV. According to the theory the direct production is negligible, especially below 30 MeV.
The
nat Dy(p,x) 157 Dy reaction The cumulative cross sections for production of 157 Dy (T 1/2 = 8.14 h) was measured after nearly com- plete decay of the parent 157 Ho (T 1/2 =12.6 min) (Fig.  3 .) The data of May from 1964 are much lower than ours above 40 MeV. The best theoretical approximation is given by the EMPIRE in the whole energy range, ALICE-IPPE also gives good results above 50 MeV, while surprisingly the EMPIRE 3.2 underestimates above 45 MeV. The direct production is negligible.
3.1.3. The nat Dy(p,x) 155 Dy reaction
The measured 155 Dy (T 1/2 = 9.9 h) was produced directly and through the decay of the 155 Ho, (T 1/2 = 48 min) parent radioisotope. (Fig. 4) , especially TENDL shows a strong overestimation, but the new EMPIRE 3.2 version shows acceptable agreement.
Radioisotopes of terbium The terbium radioisotopes are produced through directly (p,2pxn) reactions (including complex particle emissions) and decay of simultaneously produced dysprosium radio-products.
The nat Dy(p,x)
161 Tb reaction
The measured direct cross sections for production of 161 Tb (T 1/2 = 6.89 d) are shown in Fig. 5 in comparison with the theoretical predictions. As can be seen in Table 2, reactions on stable Dy target isotopes with nearly the same abundance can contribute to the production of 161 Tb. From systematics it is known that the (p,2p) reaction has mostly lower cross sections than the (p,2pn) channel. The sharp low energy peak due to 162 Dy(p,2p) that can be seen in the TENDL theoretical data is hence questionable and is reproduced neither by the experimental values, nor by the EMPIRE and ALICE results. In the high-energy range there are large disagreements between the theoretical results. The trend of the experimental data in this energy range support the TENDL calculations, but the new EMPIRE 3.2 gives better approach below 50 MeV. Unfortunately our previous and present data connect at the point, where the cross section begins to increase starkly, as well as because of the low statistic the last points of the present stack are not so reliable, which facts result in a disagreement in the connection range. (Fig. 6 ). The sharp peak predicted by the TENDL is not present in the excitation function. The shape of the excitation function is more or less described only by ALICE-IPPE, but the magnitudes are significantly differ from the experimental data in the whole energy range.
3.1.6. The nat Dy(p,xn) 156 Tb reaction The cross sections of 156g Tb (T 1/2 = 5.35 d) were obtained from spectra measured after the complete decay of the two short-lived isomeric states (T 1/2 =5.3 h, IT: 100 % and T 1/2 = 24.4 h, IT: 100 %). In the investigated energy range the ALICE-IPPE represents very closely the experimental data ( Fig. 7) , the TENDL results underestimate, while both EMPIRE versions overestimate the experimental cross sections by at least a factor of 3. Fig. 9 . The theoretical model codes overestimate the experimental data. In the case of the theoretical calculations of the two isomer states the main problem is connected to the too complex scheme of lowlying levels of 154 Tb. There are big gaps at the scheme of gamma-transitions between the lowest levels and it effects directly on the calculated results.
3.1.9. The nat Dy(p,xn) 154m1 Tb reaction
The 154m1 Tb (T 1/2 = 9.2 h) is produced directly and via a small branching (1.8 %) from the decay of the 154m2 Tb (22.4 h). Taking into account that our spectra were measured after significant cooling time, the effect of the contribution from the isomeric transition can be significant. Therefore the contribution was subtracted. The direct production cross sections are shown in Fig.  10 . If we suppose that up to the first spectra around half of the 154m2 Tb were decayed, but having only 1.8 %, IT = 0.018*0.5 means only 0.9 % of the 154m2 Tb. By supposing 9.2 h half-life for this contribution it gives around 3*0.9 = 2.7% of the 154m2 Tb, i.e. 0.03 mb contribution. The theoretical codes underestimate the ex- The cross sections were deduced from the first series of spectra measured for around half an hour started in the 22.0-31.6 h after EOB. The results were corrected with the values for 154m1 Tb, because it was not completely disintegrated into the ground state in the time of the measurements. The experimental results and the nuclear reaction model calculations are given in Fig. 11 . The TENDL-2013 approximation gives a bit lower values, all other codes strongly overestimate. (Fig. 12) . In this case the EMPIRE 3.2 gives the best and acceptable approximation, while the former EMPIRE version and ALICE-IPPE give overestimating values.
3.1.12. The nat Dy(p,xn) 152 Tb reaction The measured cross sections of the activation cross section of the 152 Tb (T 1/2 = 17.5 h) ground state additional to direct production include the production through the decay of the 152m Tb shorter-lived isomeric state (T 1/2 = 4.2 min, ε: 21.1 %, IT: 78.9 %) and the decay of the parent 152 Dy isotope (T 1/2 = 2.38 h, ε: 99.9 %, α: 0.1 %). The agreement with theoretical data in the TENDL library (Fig. 13) is good, up to 60 MeV, from which energy ALICE-IPPE gives better results.
The nat Dy(p,xn)
151 Tb reaction We obtained only a few cross section data for cumulative cross section of 151 Tb (T 1/2 = 17.609 h) near the effective threshold (Fig. 14) . The cross sections include the internal decay of the short-lived 151m Tb (T 1/2 = 25 s, IT: 93.4 %, ε: 6.6 %), and of the parent 151 Dy (T 1/2 =17.9 min, α: 5.6 %, ε: 94.4 %). From the theoretical model calculations only the TALYS(TENDL-2013) results show acceptable agreement with the experimental results. 
Integral yields
The integral yields calculated from spline fits to our experimental excitation functions are shown in Fig 15 (Dy radioisotopes) and 16. (Tb radioisotopes). The integral yields represent so called physical yields i.e. activity instantaneous production rates (Bonardi, 1987) . No experimental thick target yield data were found in the literature for the comparison.
Summary and applications
We Tb nuclear reactions in the 36-65 MeV energy range. The experimental data were compared with the results obtained by the TALYS 1.6 code reported in the TENDL-2013 library and with the results of ALICE-IPPE and two versions of the EMPIRE codes. The theoretical description gives only moderate agreements. The comparisons show that the experimental data are very important for testing the predictive power and improving the performances of the model codes, taking into account that no other experimental activation data are available for these reactions. The experimental data are of importance for several practical applications. Among the investigated reaction products we can mention:
• The radionuclide 159 Dy (T 1/2 = 144 d, EC =100%) is a pure Auger electron and X-ray emitter and has gained interest in transmission imaging and bone mineral analysis (Nayak and Lahiri, 1999), while 1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00 (Lebowitz and Greene, 1971) , was investigated as a bone seekers in the evaluation of bone lesions (Hubner et al., 1977) .
• (Muller et al., 2012) . From Dy targets the 152 Tb, 155 Tb, and 161 Tb can be obtained, but we showed in a recent publication that other production methods are better (Tárkányi et al., 2014a (Tárkányi et al., , 2013b ).
• Radioisotope Gadolinium ( 153 Gd) is used to manufacture diagnostic sources of photon radiation, in-line sources and calibration phantoms. Because of its magnetic properties, gadolinium is also applied in intravenous radio-contrast agents in magnetic resonance imaging (MRI). There are broad variety of processes to produce the 153 Gd with high specific activity. The high radioisotope purity (99.97%) 153 Gd can be obtained at high flux reactors via the (n,γ) reaction (Karelin et al., 2000) . The charged particle routes include direct and generator methods. The direct route includes proton and deuteron induced reactions on europium (Nichols et al., 1972; Takács et al., 2013) and generator methods via nat Gd(p,xn) (Vermeulen et al., 2012) nat Gd(d,xn) (Tárkányi et al., 2014b) and 151 Eu(α, 2n) 153 Tb −→ 153 Gd (Gedeonov et al., 1997) reactions. In principle the presently investigated nat Dy(p,x) 153 Tb −→ 153 Gd also could be taken into account, but the production cross sections by using nat Dy are very low (see Fig. 13 ) comparing to other indirect charged particle induced reactions.
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